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Abstract
Background: Health surveillance is an important element of disease prevention, control, and management. During
the past two decades, there have been several initiatives to integrate health surveillance systems using various
mechanisms ranging from the integration of data sources to changing organizational structures and responses. The
need for integration is caused by an increasing demand for joint data collection, use and preparedness for
emerging infectious diseases.
Objective: To review the integration mechanisms in human and animal health surveillance systems and identify
their contributions in strengthening surveillance systems attributes.
Method: The review followed the Preferred Reporting Items for Systematic Reviews and Meta-Analysis Protocols
(PRISMA-P) 2015 checklist. Peer-reviewed articles were searched from PubMed, HINARI, Web of Science, Science
Direct and advanced Google search engines. The review included articles published in English from 1900 to 2018.
The study selection considered all articles that used quantitative, qualitative or mixed research methods. Eligible
articles were assessed independently for quality by two authors using the QualSyst Tool and relevant information
including year of publication, field, continent, addressed attributes and integration mechanism were extracted.
Results: A total of 102 publications were identified and categorized into four pre-set integration mechanisms:
interoperability (35), convergent integration (27), semantic consistency (21) and interconnectivity (19). Most
integration mechanisms focused on sensitivity (44.1%), timeliness (41.2%), data quality (23.5%) and acceptability
(17.6%) of the surveillance systems. Generally, the majority of the surveillance system integrations were centered on
addressing infectious diseases and all hazards. The sensitivity of the integrated systems reported in these studies
ranged from 63.9 to 100% (median = 79.6%, n = 16) and the rate of data quality improvement ranged from 73 to
95.4% (median = 87%, n = 4). The integrated systems were also shown improve timeliness where the recorded
changes were reported to be ranging from 10 to 91% (median = 67.3%, n = 8).
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Conclusion: Interoperability and semantic consistency are the common integration mechanisms in human and
animal health surveillance systems. Surveillance system integration is a relatively new concept but has already been
shown to enhance surveillance performance. More studies are needed to gain information on further surveillance
attributes.
Keywords: Health, Surveillance, Integration, Mechanism, Animal, Human, One health, Disease
Background
Health surveillance is the systematic, continuous collec-
tion, collation, analysis, interpretation, and dissemin-
ation of epidemiological, economic and risk factor data
from defined human or animal populations to inform
decision making [1–3]. Surveillance helps decision-
makers to manage disease prevention and control more
effectively by providing timely and useful evidence for
targeted action [4]. In animal health, surveillance serves
four main objectives, namely demonstration of disease
freedom, early detection of disease, case finding and
measuring the level of disease [5]. Surveillance is cate-
gorized into active surveillance, passive surveillance and
sentinel surveillance [6]. Types of surveillance may also
be categorized to include early warning surveillance,
indicator-based surveillance, hazard-specific surveil-
lance, general surveillance, syndromic surveillance,
event-based surveillance, risk-based surveillance, en-
hanced passive surveillance and participatory surveil-
lance [2]. Surveillance systems have surpassed the
initial emphasis on infectious diseases to include moni-
toring and forecast of a broad range of health determi-
nants, such as risk behaviors, health care services,
socioeconomic factors, outcomes of intervention pro-
grams, non-communicable diseases and environmental
health [7].
According to the World Health Organization [8], an
effective surveillance system must be able to perform the
following functions: detection and notification of health
events, collection and consolidation of pertinent data,
investigation and confirmation of cases or outbreaks,
routine analysis and creation of reports, feedback of in-
formation to those providing the data, feed-forward and
reporting data to higher administrative levels. The
World Organization for animal health (OIE) regards ani-
mal health surveillance as a tool to monitor disease
trends, facilitate control of infection or infestation, and
provide data for risk analysis in animal or public health
in order to substantiate sanitary measures and to provide
assurance to trading partners [3]. Animal health surveil-
lance is recognized as a key element in predicting public
health risks related to emerging zoonotic disease [9].
Environmental health surveillance is also an important com-
ponent in predicting future outbreaks through monitoring
environmental risk factors [10], yet it is often overlooked
[11].
Various strategies can be used to solicit surveillance data
such as periodic population-based surveys, sentinel sur-
veillance, laboratory-based surveillance and integration of
two or more surveillance programs or systems. Often,
health surveillance systems rely upon data from varied
sources with time lags between observed symptoms of the
diseases, laboratory submission, results and communica-
tion to the appropriate authorities [12] thereby causing in-
efficiencies in the system and sub-optimal performance.
To address this problem and to improve detection, report-
ing and response capabilities, surveillance system integra-
tions have been promoted [9–12]. This is because health
surveillance and preparedness for disease control and
management require coordination and collaboration
among various programs and wider range of expertise
including front-line health care providers (veterinarians or
clinicians), epidemiologists, information system specialists
and laboratory personnel [13].
The term integration has been widely used in various
fields including health, business management, engineer-
ing, transportation, and information technology. In these
fields, integration is aimed at accelerating decision-
making processes and improving coordination thereby
increasing the efficiency of the system. However, de-
pending on the context the term is used, there are differ-
ent interpretations and outcome measurements. So far,
there is no standard definition of system integration. For
instance, in the engineering sciences, system integration
involves the combination of hardware, software, pro-
ducts, services, processes, and humans [14]. In techno-
logy, system integration involves a complete system of
business processes, managerial practices, organizational
interactions, structural alignments and knowledge man-
agement [15]. The WHO defined integration in health
service delivery as “the organization and management of
health services so that people get the care they need,
when they need it, in ways that are user-friendly, achieve
the desired results and provide value for money” [16].
In health surveillance, system integration has been
defined as the sum of all surveillance activities which
add up to the broader surveillance system; it includes
many functions using similar structures, processes, and
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personnel [17]. While integration within one sector is a
common mechanism, “One Health” surveillance integra-
tion places emphasis on surveillance activities that span
multiple sectors including human, animal and environ-
mental health and benefit from cross-fertilization and
exchange to promote health for all. One Health is
defined as an a collaborative, multidisciplinary, and
multi-sectoral approach that can address urgent, on-
going, or potential health threats at the human-animal-
environment interface at subnational, national, global,
and regional levels [18, 19]. Integration in health surveil-
lance systems may include merging of health records
database with surveillance system, sharing of databases
with heterogeneous data to form common indicators or
merging of surveillance activities and processes. During
the past two decades, there have been a number of ini-
tiatives to integrate health surveillance systems using
various mechanisms ranging from the integration of data
sources to changing organizational structures and
responses [10, 13].
Myerson categorized integration into four mechanisms,
namely interconnectivity, interoperability, semantic
consistency and convergent integration [15]. Interconnec-
tivity includes the sharing of external devices or simply
transferring files while the basic applications, functionality
and uses all remain fairly specific with respect to their
technologies and users with little or no integration at the
function levels. In health surveillance, this kind of integra-
tion may be through the exchange of information between
two systems in order to alert the authorities of any un-
usual disease event for appropriate action [20]. Interoper-
ability is the ability of the system or its component to
work with another while exploring the capabilities of both
without special effort from the users [21]. For instance,
animal health surveillance systems may interoperate with
hospital medical records. It allows the systems to commu-
nicate, exchange data based on the standards and use
information that has been exchanged [22]. Semantic
consistency is directed towards the implementation of
database management systems and sophisticated manage-
ment reporting systems such as HealthMap and FAO
EMPRES-i. The emphasis is on providing access to data
and minimizing the potential for errors in human inter-
pretation through the creation of standard data definitions
and formats. Convergent integration involves the merging
of technology with business processes, knowledge, and hu-
man performance. It is the highest and most sophisticated
form of the integration state. Its key components include
technology and data repository integrations, communica-
tion networks, embedding knowledge and human
performance with the new processes and enabling tech-
nologies. Some of the examples of such integrations are
evident in One Health and Integrated Disease surveillance
and response strategies.
Often, the motivation behind systems integration re-
volves around technology, the need to produce better in-
formation for disease management and cost reduction,
but the integration process may turn out to be inflexible
and expensive to maintain [15]. Integration may not be a
cure for inadequate resources [16]. In health surveil-
lance, integration is driven by increasing demand for
joint data collection and use [23] and preparedness for
emerging infectious diseases [24, 25]. The International
Health Regulations (IHR) 2005 require timely detection
and response to outbreaks and suggested a combination
of surveillance methods in addressing public health
threats [21, 22]. Despite the need for systems integration
in health surveillance, the overarching questions are still
how much integration is optimal in terms of cost and ef-
fectiveness in addressing health challenges, what can be
integrated, how to integrate and what factors to consider
when integrating the system. Understanding the process
of integration and assessing its impact requires system-
atic evaluation using empirical data. However, there are
very few such studies and decisions regarding integration
need to be made [26]. The objective of this paper was
therefore, to identify and categorize mechanisms in
which existing human and animal health surveillance
systems have been integrated, assess the contribution of
integrated systems in strengthening relevant surveillance
attributes, and key aspects to consider in integration in
order to address global health security threats.
Methods
This review was guided by the following questions: (a)
What are the existing integration mechanisms in animal
and human health surveillance systems?; (b) To what ex-
tent have the integrations strengthened health surveil-
lance systems attributes and added value to disease
control strategies?; and (c) What are the important
issues to consider in health surveillance systems integra-
tion? The authors acknowledge that One Health
approach encompasses human, animal, environment and
plants as previously defined [18, 19]. However, the
review focused exclusively on the animal and human
health surveillance systems. One health was regarded as
one of the integration approach and that was the basis
for the search strategy.
The review followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis Protocols
(PRISMA-P) 2015 checklist [27]. The process included
identification of search terms and searching of literature
in relevant databases, application of inclusion and exclu-
sion criteria, appraising of each study, data extraction
using MS-Excel spreadsheet form (Excel 2010, Microsoft
Corp., and Redmond, WA, USA) data synthesis and
summarizing of information. The following search terms
and Boolean operators were used: (Surveillance OR
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monitor*) AND (“animal health” OR “human health” OR
“public health” OR “One Health”) AND (integrate*)
AND (system). The databases searched were PubMed,
HINARI, Web of Science, Science Direct and advanced
Google search. The choice of databases considered the
research questions and the percentage of the relevant
documents from the search results. Respective index
terms/search queries were used in order to generate
relevant studies. Reference lists of primary articles were
further searched for additional studies. The search
included all studies in the English published between
1900 and 2018 and used quantitative, qualitative or
mixed research methods.
Following the exclusion of duplicates, all articles found
were screened. The screening was a two-stage process;
the first stage was Title/abstract screening and the sec-
ond stage was full paper screening. The following inclu-
sion criteria were used: studies had to involve human
health surveillance, animal health surveillance, or One
Health surveillance systems and interventions and focus
on integrated surveillance systems, describe integration
designs of the system, or present the effects of the sur-
veillance integration on surveillance systems attributes.
The studies with abstracts without full text, not in
English or newsletter articles were excluded. In order to
ascertain the quality of included studies, the risk of bias
was assessed using QualSyst Tool for qualitative and
quantitative data [28].
Eligible articles were read and appraised independently
by two authors (JG and IM) using the set criteria and
relevant information was extracted using prepared data
extraction sheets. In case of any disagreement, the con-
sensus was reached through discussion. Data were ex-
tracted on two primary outcomes: i) Pre-defined
integration mechanisms which were applied in the
reviewed articles, and ii) surveillance system attributes. In
order for the integrated surveillance system to be
categorized, the assessment was done against the pre-de-
fined mechanisms which are interconnectivity, interoper-
ability, semantic consistency and convergent integration.
A category was assigned to the particular article based on
the description of the system as per pre-defined integra-
tion mechanisms above. The surveillance system attributes
used were; simplicity, flexibility, data quality, acceptability,
sensitivity, positive predictive value, representativeness,
timeliness, cost-effectiveness, and stability (Table 1) [29].
The next step was to describe the added value of the sys-
tems integration in addressing target hazards and
strengthening of surveillance system attributes. The
target hazards included in the analysis were infectious
diseases, non-communicable diseases, Antimicrobial
resistance, injuries and other environmental risks and
all-hazards (the combination of all mentioned haz-
ards). From the eligible studies, important issues to
consider in surveillance system integrations were
extracted and presented through narrative synthesis.
Results
Overview of the search results
A total of 2622 articles were found in the initial search, of
which 9 duplicates were excluded. From the remaining
Table 1 Surveillance attributes considered in the analysis
Attribute Definition
Acceptability The willingness of persons and organizations to participate in the surveillance system.
Cost-effectiveness Relationship between the expected outcomes (such as the number of lives saved) and the costs of surveillance required to
achieve this. May be expressed as a measure of efficiency, whereby the system operates at the least possible cost or makes
the best use of available resources.
Data quality Completeness and validity of the data recorded.
Flexibility Ability to adapt to changing information needs or operating conditions with little additional time, personnel or allocated
funds. Flexible systems can accommodate new health-related events, changes in case definitions or technology, and
variations in funding or reporting sources.
Positive predictive
value
The proportion of reported cases that actually have the infection/condition of interest.
Representativeness The extent to which features of the population of interest (e.g. herd size, age, location) are reflected in the surveillance data
that are collected.
Sensitivity For endemic diseases, sensitivity refers to the proportion of cases of a disease detected by the surveillance system (this usually
requires a gold standard test to indicate the actual number of cases). For non-endemic diseases, sensitivity refers to the ability
of a surveillance system to detect disease outbreaks.
Simplicity Refers to the surveillance system structure, ease of operation and flow of data through the system.
Stability Reliability (function without failure) and availability (operational when needed)
Timeliness Speed between steps in a surveillance system. For outbreak detection, timeliness refers to the time between exposure to the
infectious agent and the initiation of interventions to control infection.
Source: Adopted from Drewe et al., 2012 [29]
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2613 articles, 2380 were excluded through initial title and
abstract screening for not being relevant. Two hundred
thirty three articles that went through the second screen-
ing process where 33 were excluded (as 24 were not in
English language and 9 were not presented in full-texts).
Two hundred full-text articles were assessed for eligibility
whereby 98 were removed based on the specified inclusion
and exclusion criteria. (Fig. 1). Finally, 102 articles met in-
clusion criteria and were therefore included in the synthe-
sis (Table 2). The included studies were of average quality
(Supplementary 1 and 2). For Qualitative studies, QualSyst
score was 8–18 (mean = 12, n = 66) while for quantitative
studies, the score was 15–20 (mean = 19, n = 36).
Of the 102 articles analyzed, 66.7% were specific to hu-
man health surveillance systems, followed by One Health
(26.5%) and animal health (6.9%). Figure 2 shows the
change in the annual number of publications between
1999 and 2018. The number of publications between
2011 and 2018 accounted for 62% of the total publica-
tions. Publications in human and One Health surveil-
lance systems showed similar patterns from 2006 to
2018, Publications on animal health surveillance system
integration were first spotted in 2011 and fluctuated
thereafter with no clear trend.
Health surveillance systems integration mechanisms
The integration mechanism found were interconnectivity
[19], interoperability [33], semantic consistency [21] and
convergent integration [27] (Fig. 3a). Animal health sur-
veillance systems used interconnectivity (71%) more than
any other mechanism. One Health surveillance systems
adopted mainly convergent integration (41%) and inter-
operability (33%) integration mechanisms. Human health
surveillance system integrations were found to use more
interoperability (37%), semantic consistency (24%) and
convergent integrations (24%) (Fig. 3b). There was a
higher number of publications on interoperability mech-
anisms for many years while convergent integration was
first spotted in 2007 and the number of publications
increased from 2010 though not consistently (Fig. 3c).
Regional distribution of integrated surveillance systems
North America (33.3%; 34/102) and Europe (24.5%; 25/102)
had a higher number of publications on the surveillance sys-
tems integration than other regions (Table 3). Australia
(1.9%; 5/102) and South America (1.9%; 5/102) reported the
lowest number of studies. Generally, there were more stud-
ies on human health surveillance across all regions than on
animal or One Health surveillance. Despite the fact that
Fig. 1 PRISMA flow diagram demonstrating articles selection process
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Table 2 Surveillance attributes and integration mechanisms extracted from the articles included in the review (n = 102 studies)a
Attribute Mechanism No. of articles References
Acceptability Interconnectivity 3 [30–32]
Interoperability 3 [33–35]
Semantic consistency 2 [36, 37]
Convergent integration 10 [13, 38–46]
Cost-effectiveness Interconnectivity 2 [31, 47]
Interoperability 4 [48–51]
Convergent integration 3 [43, 52, 53]
Data quality Interconnectivity 2 [54, 55]
Interoperability 8 [35, 56–62]
Semantic consistency 8 [36, 63–69]
Convergent integration 6 [40, 52, 70–73]
Flexibility Interconnectivity 2 [74, 75]
Interoperability 7 [33, 50, 57, 60, 76–78]
Semantic consistency 2 [36–66]
Convergent integration 4 [44, 79–81]
Positive predictive value Interconnectivity 1 [82]
Interoperability 6 [49, 50, 83–86]
Semantic consistency 3 [87–89]
Convergent integration 2 [90, 91]
Representativeness Interconnectivity 1 [92]
Interoperability 2 [58, 93]
Semantic consistency 1 [64]
Sensitivity Interconnectivity 10 [30, 55, 82, 92, 94–99]
Interoperability 16 [10, 34, 50, 51, 55, 78, 83–86, 100–105]
Semantic consistency 10 [37, 67, 68, 87, 89, 106–110]
Convergent integration 8 [39, 40, 72, 80, 90, 111–113]
Simplicity Interconnectivity 3 [31, 54, 114]
Interoperability 2 [78, 115]
Semantic consistency 2 [36, 106]
Convergent integration 2 [44, 91]
Stability Interconnectivity 1 [32]
Interoperability 2 [115, 116]
Convergent integration 1 [117]
Timeliness Interconnectivity 7 [54, 96, 97, 99, 114, 118, 119]
Interoperability 10 [10, 34, 48, 77, 93, 103, 116, 120–122]
Semantic consistency 9 [63, 64, 66, 69, 89, 123–126]
Convergent integration 15 [23, 40, 43, 70, 72, 73, 91, 113, 117, 127–130]
aData source: PubMed, HINARI, Web of Science, Science Direct and advanced Google search engines
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North America had a large number of publications, no study
was found on animal health surveillance. Of the seven re-
ported studies on animal health surveillance systems, four
(57.2%) were based in Europe. One Health surveillance was
mostly reported in North America (9/27) and Europe (5/
27).
Interoperability integration was mostly found in North
America (14/34), Europe (8/25) and Asia (5/13). The high-
est number of studies in interconnectivity (8/19) and con-
vergent (8/27) system integrations were found in Europe
and Africa, respectively while semantic consistency was
mostly practiced in North America (11/21) and Europe (7/
21). Australia and South America had the lowest number
of publications in all four integration mechanisms with no
single study on interconnectivity or semantic consistency.
Integration mechanisms on strengthening surveillance
systems attributes
The systems integration attempted to improve at least
one of the surveillance attributes. Most of the integra-
tions focused on sensitivity (44.1%; 45/102), timeliness
(41.2%; 42/102), data quality (23.5%; 24/102) and accept-
ability (17.6%; 18/102). Very few studies focused on im-
proving stability (3.9%; 4/102), representativeness (3.9%;
4/102), cost-effectiveness (8.8%; 9/102), and simplicity
(8.8%; 9/102) of the surveillance systems (Fig. 4). Con-
vergent integration and interoperability were mentioned
in relation to most surveillance attributes with a higher
frequency for the timeliness, sensitivity, and acceptability
for the former and timeliness, sensitivity and data quality
of the latter. Semantic integration focused on sensitivity
(10/21), timeliness (9/21) and data quality (8/21). There
were fewer articles on the interconnectivity as one of the
integration mechanisms and they mainly looked into
sensitivity (10/19) and timeliness (7/19).
Of the 45 publications that focused on sensitivity, 16
quantified the performance of the attribute. Similar pat-
terns were found for timeliness (8/42) and data quality
(4/24). Overall, the sensitivity of the integrated systems
reported in these studies ranged from 63.9 to 100% (me-
dian = 79.6%, n = 16) and data quality improved by 73 to
95.4% (median = 87%, n = 4). The systems also managed
to improve timeliness where the recorded changes were
reported to be ranging between 10 to 91% (median
67.3%, n = 8).
Value of health surveillance systems integration
mechanisms in relation to disease control strategies
Of the 102 articles, 62% focused on infectious diseases
followed by all-hazards (22%). Surveillance on injuries
and other environmental risks, antimicrobial resistance
(AMR) and non-communicable diseases accounted for
16% (Fig. 5a). Interoperability and semantic consistency
were the most adopted integration mechanisms. Never-
theless, there were variations across the target hazards
(Fig. 5b). Convergent integration was reported more in
infectious disease surveillance systems. Semantic
consistency (40%) and interoperability (80%) were mostly
found in AMR and non-communicable disease surveil-
lance systems, respectively. Interconnectivity was fairly
distributed in most of the target hazards.
Challenges in surveillance system integration
A number of challenges have been identified (Table 4),
some are common across all the integration mecha-
nisms, whereas others are specific to a particular do-
main. The majority of the challenges are related to data
Fig. 2 Distribution of the reviewed articles by year of publication
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Fig. 3 Surveillance system integration mechanisms. A = proportion overview of all mechanisms; B = distribution by sectors; and C = the trend
of publications
Table 3 Distribution of surveillance system integration mechanisms by Regions (n = 102 articles)
Regiona
Integration mechanism Sector Africa Asia Australia Europe North America South America Internationalb Unknown Total
Interconnectivity (n = 19) Animal health 0 1 0 3 0 0 1 0 5
Human health 1 0 0 3 3 0 3 1 11
One Health 0 0 0 2 1 0 0 0 3
Total 1 1 0 8 4 0 4 1 19
Interoperability (n = 35) Animal health 0 1 0 0 0 0 0 0 1
Human health 2 1 2 7 10 2 0 0 24
One Health 1 1 1 1 3 2 0 0 9
Total 3 3 3 8 13 4 0 0 35
Semantic consistency (n = 21) Animal health 0 0 0 1 0 0 0 0 1
Human health 1 2 0 5 8 0 0 0 16
One Health 0 0 0 1 3 0 0 0 4
Total 1 2 0 7 11 0 0 0 21
Convergent (n = 27) Animal health 0 0 0 0 0 0 0 0 0
Human health 6 4 0 1 4 1 0 0 16
One health 2 1 2 1 2 0 3 0 11
Total 8 5 2 2 6 1 3 0 27
Total per region 13 11 5 25 34 5 7 1 102
aThe Region was determined by the country in which the system was located
b International cover studies which were done in more than one region
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management, compliance with standard operating pro-
cedures and financial resources.
Discussion
This review identified 102 articles on human and animal
health surveillance systems integration mechanisms and
how they have been used to strengthen surveillance attri-
butes. However, since the review was limited to publica-
tions in English, it is likely to have missed additional
literature presented in other languages. The findings
indicate that there is a substantially higher number of publi-
cations on human health surveillance integration compared
to animal or One Health. The majority of the reviewed arti-
cles focused on infectious diseases. Integration in health
surveillance was found to gain momentum during the
current decade interoperability and convergent integration
were the most frequently reported mechanisms of integra-
tion in health surveillance. Studies addressed one or more
of the surveillance attributes but there was no study that re-
ported on integration mechanisms in comparison to a large
number of surveillance attributes. Similar results have also
been reported elsewhere [29]. While the majority of the in-
tegration focused on improving sensitivity, timeliness and
data quality, very few attempted to provide quantitative
analysis on the performance of those attributes which may
not suffice to make any conclusion on their impacts.
The finding that there are very few studies in animal
health surveillance systems compared to human health or
One Health concurs with findings reported by other au-
thors [127, 131]. This can be linked to the fact that Inter-
national community regards One Health as a more
effective option for strengthening human, animal and
Fig. 4 Distribution of surveillance system integration mechanisms by attributes
Fig. 5 Distribution of surveillance system integration mechanisms by target hazards. A = distribution by hazards; B = distribution by integration
mechanisms against hazards
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environment health due to cost saving, ease coordi-
nation and efficient resource mobilization [132–134].
Hence, the reasons for more interventions being geared
towards One Health surveillance rather than sectoral
systems. However, while thinking of One Health
surveillance, there should be parallel initiatives to
strengthen sectoral surveillance systems, especially
animal health surveillance as emphasized by another
author [131]. Effectively integrated animal health sur-
veillance systems are the cornerstones in addressing
global security threats such as zoonotic diseases [135],
antimicrobial and food safety [136]. If well integrated,
animals can be used as surveillance tools for human
and environmental health hazards [137].
System integration is relatively a new concept in health
surveillance systems, especially in animal health. The
spectrum of integration regards interconnectivity as the
lowest and simplest integration mechanism while
convergent is more complex yet the highest level of inte-
gration [15]. In this review, it was found that more inte-
grations were towards interoperability and convergent
integration mechanisms. This is likely to be attributed to
the increased calls for more collaboration across sectors
in addressing emerging and re-emerging zoonotic dis-
eases [132, 133] which may also mean the integration of
structures and harmonization of various operational pro-
cedures. On the other hand, interoperability is regarded
as more convenient and safer for systems. This is be-
cause it does not require much merging of the system
but rather synchronization where heterogeneous systems
can be made networkable over a single physical network
with the possibility of varying the degree of interopera-
tion [15]. Integration of health systems has widely being
used in healthcare service systems with diverse experi-
ence and outcomes [127, 138]. Majority of the integra-
tion initiative in health surveillance leverage on the
existing healthcare information systems such as elec-
tronic medical records, birth and death registers, and
laboratory information systems. Regardless of the
mechanisms used, the integrated surveillance systems
have shown a promising path towards addressing global
health security threats. That is evident through the inte-
gration objectives [70, 111] adoption rate and level of ef-
forts used especially on technological innovations and
stakeholders’ involvement and some of the reported ben-
efits such as improvement in sensitivity, data quality,
and timeliness. Nevertheless, it is clear that there is no
one-fits-all integration because most of them try to ad-
dress one or a few attributes of the surveillance system.
There has been a significant increase in the number of
publications on surveillance integration in recent years.
One of the reasons may be because most of the systems
were established only in the last decade [139]. This is
likely to be linked to the rapid technological advance-
ment and its active role in facilitating data capture,
reporting, and analysis even in the resource-limited areas
[8, 140, 141]. For instance, between 2000 and 2005,
internet access improved more than 4-fold in low-and-
middle-income countries, and more than a quarter of
the population in these countries uses mobile phones
[100]. The use of internet-based surveillance is both
logistically and economically appealing [25]. Meanwhile,
Table 4 Challenges described for the four integration mechanisms (n = 29 studies)
Integration mechanism Challenge References
Interconnectivity Heterogeneity of data sources may affect the results of the system. [78]
Limited knowledge of terms of reference, surveillance procedures, and case definitions. [50]
False positives. [70, 95, 115]
Interoperability Linkage and management of heterogeneous data. [79, 80]
Slow adoption of technologies. [52]
Limited resources. [55, 111]
The installation of systems can be complex and expensive. [80]
Semantic consistency Heterogeneity of data sources may affect the results of the system. [121]
Low compliance with standard operational procedures. [63, 75]
Incomplete integration. [34, 53]
Convergent Poor data management systems. [66, 108]
Limited laboratory capacity. [66, 109, 125]
Different data and reporting policies among participating institutions. [108]
Quantity and complex nature of data. [76]
Organizational and structural barriers. [39, 123]
Incomplete integration. [68, 108]
Limited awareness of the standard case definition of a disease. [36]
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there is a paradigm shift in health surveillance where
systems leverage on the rise of artificial intelligence to
automate the process, allow the collection of data from a
wider variety of sources and allow the dissemination of
data to a wider audience [142, 143]. In the current era,
social, technical and technological components are the
key ingredients of any successful integration which
clearly specify functions and performance of the de-
signed system. High adoption of interoperability and se-
mantic consistency mechanisms in Europe and North
America can be associated with technological advance-
ment and relatively stronger information systems [135].
Interconnectivity and convergent integrations were com-
mon in Europe and Africa. Technological disparities can
affect the collaboration among the countries and pene-
tration of sophisticated systems. While pacing towards
meeting global targets on health security it is worth ac-
knowledging the technology disparities between low-
and-middle-income and high-income countries and the
need for intensive investment in that area.
When integration mechanisms were assessed against
surveillance systems attributes, sensitivity, timeliness,
and data quality were found to be the central focus
making about two-thirds of all reported attributes. Simi-
lar observations have been reported by Drewe et al. [29].
On the other hand, very few studies evaluated the effects
of the integration in those attributes. However, strength-
ening of surveillance systems attributes should be well
scrutinized and any modification should consider the
system holistically because it may adversely affect other
attributes of higher priority such as an increase in the
cost of the system [142]. Nevertheless, it is worth men-
tioning that very few publications provided details on
the evaluation of surveillance attributes, which limited
the ability to reach strong conclusions on the efficiency
of integration in strengthening the surveillance systems.
It is critical that the evaluation of integrated systems
should be comprehensive and consider relevance,
efficiency, effectiveness, impact, and sustainability.
In the human health sector, IHR 2005 requires devel-
oping and maintaining core capacities in detecting and
responding to an emerging threat in a timely manner
[144]. The animal sector is guided by Terrestrial Animal
Health Code which requires member states to carry out
monitoring, surveillance, and reporting of animal disease
outbreaks especially those listed as notifiable diseases to
the World Organization of Animal Health [3]. A large
portion of studies being focused on infectious diseases
and all-hazards is an added value in line with inter-
national regulations. In the human health sector, IHR
2005 requires developing and maintaining core capaci-
ties in detecting and responding to an emerging threat
in a timely manner. The percentage change is slightly
higher than what was found in the electronic
surveillance system [145]. This implies that the time lag
between the onsets of the disease to its detection is
shorter in the integrated system than in the conventional
system. It is also evident that the integration of a surveil-
lance system with technology improves the sensitivity of
the system [139, 140].
Despite the evident role played by integrated surveillance
systems in improving early detection and response, there
are some critical issues to consider for them be functional
and effective. The efficiency of the integrated surveillance
systems is the function of data management systems,
organizational structures, adequate resources (human,
technology, infrastructure, and finance) diagnostic tools,
clear standard operating procedures [38, 111, 136, 141]
and political will. Data management systems should be ac-
companied by constant technological innovation in order
to make sure the system accommodates as many data
sources as possible [146, 147]. Organizational structures
are of paramount importance in strengthening intra- and
inter-institutional collaboration and communication re-
garding surveillance [135]. The structure should be able to
accommodate both vertical and horizontal flows of infor-
mation and be flexible enough to absorb challenges that
may arise from the increased interdependence of the sys-
tem components. Non- or low-compliance to standard op-
erating procedures (SOP) and terms of reference is still a
challenge. That is partly associated with diverse scenarios
encountered during implementation [63], limited know-
ledge on the usage and lack of guidelines and relevant ref-
erence documents [29, 90]. Therefore, when considering
integration of the system, standard operating procedures
and terms should be made available and go hand in hand
with capacity building and training to the users.
Conclusion
This review showed that of the four integration mecha-
nisms, interoperability and semantic consistency are the
most common ones. It is also evident that systems inte-
gration in health surveillance is a relatively new concept
that has been gaining the momentum in recent years.
While few formal evaluations are available, integration
mechanisms seem to have the potential to improve sur-
veillance performance; more quantitative studies need to
be conducted to confirm this. Technology advance-
ment holds a large share in the future of surveillance
systems integration. For successful implementation
and operation of surveillance systems integration,
technology innovation and strengthening of data
management systems are needed to link and manage
large amounts of heterogeneous data. Evaluation of
the integrated systems should be comprehensive and
consider relevance, efficiency, effectiveness, impact,
and sustainability.
George et al. One Health Outlook            (2020) 2:11 Page 11 of 15
Supplementary information





AMR: Antimicrobial Resistance; IHR: International Health Regulation; PRISMA-
P: Preferred Reporting Items for Systematic Reviews and Meta-Analysis Proto-
cols; USA: United States of America; WHO: World Health Organization;
OIE: Office International des Epizooties
Acknowledgments
The authors would like to thank the Sokoine University of Agriculture’s One
Health Sciences Community of Practice members for their support during
the development of the manuscript. Mr. Gaspary Mwanyika is highly
appreciated for his critical review of the earlier version of the manuscript.
Authors’ contributions
JG conceived the idea, developed review protocol, performed literature
search, data extraction, and synthesis and wrote the original draft of the
manuscript; IM performed data cleaning and extraction and revise the first
draft of the manuscript; the manuscript was primarily revised by BH CS and
LM. The final revision of the manuscript was done by JG, BH, CS, LM, JM, and
MR. The authors approved the final version of the manuscript before
submission.
Funding
This review is part of the research work on the development of a prototype
for cost-effective integration of animal health surveillance systems in
Tanzania supported by the Government of Tanzania and World Bank, grant
no. PAD 1436 through SACIDS Foundation for One Health. However, financial
support does cover this review.
Availability of data and materials
Contact the authors for any additional information.





The authors have no conflict of interest to declare.
Author details
1Department of Veterinary Medicine and Public Health, Sokoine University of
Agriculture, P.O. Box 3021, Morogoro, Tanzania. 2SACIDS Foundation for One
Health, Sokoine University of Agriculture, P.O. Box 3297, Morogoro, Tanzania.
3Department of Pathobiology and Population Sciences, Veterinary
Epidemiology, Economics, and Public Health Group, Royal Veterinary College,
Hawkshead Lane, North Mymms, Hatfield, Hertfordshire AL97TA, UK.
4National Institute for Medical Research, Tabora Research Centre, Tabora,
Tanzania.
Received: 8 July 2019 Accepted: 5 May 2020
References
1. Centers for Disease Control and Prevention. CDC’s vision for public health
surveillance in the 21st century. MMWR Morb Mortal Wkly Rep. 2012;61(s1):
1–40.
2. Hoinville L. Animal health surveillance terminology final report from pre-
ICAHS workshop. Health. 2013.
3. OIE. OIE - Terrestrial Animal Health Code. Vol. I. 2018. https://www.oie.int/
standard-setting/terrestrial-code/ acced in 5 June 2019.
4. Nsubuga P, White M, Thacker S, Anderson M, Blount S, Broome C, et al.
Public Health Surveillance: A Tool for Targeting and Monitoring
Interventions. In: Jamison DT, Breman JG, Measham AR et al, editor. Disease
Control Priorities in Developing Countries. 2nd ed. Washington (DC); 2006.
5. AU-IBAR. Manual of Basic Animal Disease Surveillance. 2012.
6. WHO. Training for mid-level managers (MLM):Making disease surveillance
work. 2008.
7. Groseclose SL, Buckeridge DL. Public health surveillance systems: recent
advances in their use and evaluation. Annu Rev Public Health. 2017;38:57–79.
8. Karimuribo ED, Mutagahywa E, Sindato C, Mboera L, Mwabukusi M, Kariuki
Njenga M, et al. A smartphone app (AfyaData) for innovative one health
disease surveillance from community to National Levels in Africa:
intervention in disease surveillance. JMIR public Heal Surveill. 2017;3(4):e94.
9. Meidenbauer KL. Animal Surveillance: Use of Animal Health Data to Improve
Global Disease Surveillance. Online journal of public health informatics. 2017;9(1).
10. Wimberly MC, Davis JK, Henebry GM, Hildreth MB, Liu Y, Merkord CL.
Integrated surveillance and modelling systems for climate-sensitive diseases:
two case studies. Lancet. 2017;389:S24.
11. Johnson I, Hansen A, Bi P. The challenges of implementing an integrated
one health surveillance system in Australia. Zoonoses Public Health. 2018;
65(1):229–36.
12. Robertson C, Yee L. Avian influenza risk surveillance in North America with
online media. PLoS One. 2016;11(11):0165688.
13. Taboy CH, Chapman W, Albetkova A, Kennedy S, Rayfield MA. Integrated
Disease Investigations and Surveillance planning: a systems approach to
strengthening national surveillance and detection of events of public health
importance in support of the International Health Regulations. BMC Public
Health. 2010;10 Suppl 1:S6.
14. Jain R, Chandrasekaran A, Erol O. A Systems Integration Framework for
Process. Systems Engineering. 2009;13(3):274–89.
15. Myerson JM. Enterprise systems integration: Second. CRC Press; 2001.
16. WHO. Integrated health services-What and why? 2008;(1):1–10.
17. WHO. An Integrated Approach to Communicable Disease Surveillance. Vol.
21. 2000.
18. FAO/WHO/OIE. World Health Organization. Taking a Multisectoral One
Health Approach: A Tripartite Guide to Addressing Zoonotic Diseases in
Countries. 2019. https://www.oie.int/fileadmin/Home/eng/Media_Center/
docs/EN_TripartiteZoonosesGuide_webversion.pdf. Accessed on 7 Feb 2020.
19. American Veterinary Medical Association. One health : a new professional
imperative. 2008. https://www.avma.org/sites/default/files/resources/
onehealth_final.pdf. Accessed on 7 February 2020.
20. Management Sciences for Health. Electronic infectious disease surveillance
and response (EIDSR) in Rwanda. 2018. https://www.msh.org/resources/
electronic-infectious-disease-surveillance-and-response-eidsr-system-in-
rwanda. Accessed on 16 Oct 2019.
21. Hufnagel SP. Interoperability. Mil Med. 2009;174:43–50.
22. MEASURE Evaluation. Health Information Systems Interoperability Maturity
Toolkit : Users ’ Guide; 2019. p. 1–55.
23. Lukwago L, Nanyunja M, Ndayimirije N, Wamala J, Malimbo M, Mbabazi W,
et al. The implementation of Integrated Disease Surveillance and Response
in Uganda : a review of progress and challenges between 2001 and 2007;
2013;(June 2012. p. 30–40.
24. Merianos A. Surveillance and response to disease emergence. Curr Top
Microbiol Immunol. 2007;315:477–8.
25. Milinovich GJ, Williams GM, Clements ACA, Hu W, Grove K. Internet-based
surveillance systems for monitoring emerging infectious diseases. Lancet
Infect Dis. 2014;14(2):160–8. https://doi.org/10.1016/S1473-3099(13)70244-5.
26. De Pinho H, Murthy R, Moorman J., Welle, S. Integration of Health Services.
In: T.K. Sundari Ravindran & Helen de Pinho (ed): The Right Reforms? Health
Sector Reforms and Sexual and Reproductive Health. University of
Witwatersrand, South Africa 1994;(3).
27. Moher D, Shamseer L, Clarke M, Ghersi D, Liberati A, Petticrew M, et al.
Preferred reporting items for systematic review and meta-analysis protocols
( PRISMA-P ) 2015 statement; 2015. p. 1–9.
28. Kmet LM, Lee RC, Cook LS. Standard quality assessment criteria for
evaluating primary research papers froma variety of fields. Edmonton:
Alberta Heritage Foundation for Medical Research; 2004.
29. Drewe JA, Hoinville LJ, Cook AJC, Floyd T, Stark KDC. Evaluation of animal
and public health surveillance systems : a systematic review. Epidemiol
Infect. 2012;140(4):575–90.
30. Vatopoulos AC, Kalapothaki V, Legakis NJ, Network G. An electronic network
for the surveillance of antimicrobial resistance in bacterial nosocomial
isolates in Greece. Bull World Health Org. 1999;77(7):595–601.
George et al. One Health Outlook            (2020) 2:11 Page 12 of 15
31. Schwind JS, Wolking DJ, Brownstein JS, Mazet JAK, Smith WA. Evaluation of
local media surveillance for improved disease recognition and monitoring
in global hotspot regions. PLoS One. 2014;9(10):e110236.
32. Hutchison J, Mackenzie C, Madin B, Happold J, Leslie E, Zalcman E, et al.
New approaches to aquatic and terrestrial animal surveillance: The potential
for people and technology to transform epidemiology. Prev Vet Med. 2019;
167:169–73:0–1. https://doi.org/10.1016/j.prevetmed.2018.10.009.
33. Maas M, Grone A, Kuiken T, Van Schaik G, Roest HIJ, Van Der Giessen JWB.
Implementing wildlife disease surveillance in the Netherlands, a one health
approach. Rev Sci Tech. 2016;35(3):863–74.
34. Toutant S, Gosselin P, Bélanger D, Bustinza R, Rivest S. An open source web
application for the surveillance and prevention of the impacts on public
health of extreme meteorological events: the SUPREME system. Int J Health
Geogr. 2011;10:39. https://doi.org/10.1186/1476-072X-10-39.
35. Muellner P, Muellner U, Gates MC, Pearce T, Ahlstrom C, O’Neill D, et al.
Evidence in practice – a pilot study leveraging companion animal and
equine health data from primary care veterinary clinics in New Zealand.
Front Vet Sci. 2016;3:116. https://doi.org/10.3389/fvets.2016.00116.
36. Rizi SAM, Roudsari A. Development of a public health reporting data
warehouse: lessons learned. Stud Health Technol Inform. 2013;192:861–5.
37. Andrés M, Göhring-Zwacka E, Fiebig L, Priwitzer M, Richter E, Rüsch-Gerdes
S, Haas W, Niemann S, Brodhun B. Integration of molecular typing results
into tuberculosis surveillance in Germany—A pilot study. PloS one.
2017;12(11).
38. Mukhi S, Aramini J, Kabani A. Contributing to communicable diseases
intelligence management in Canada: CACMID Meeting, March 2007. Can J
Infect Dis Med. 2007;18(6):353–6.
39. Wartenberg D, Thompson WD, Fitzgerald EF, Gross HJ, Condon SK, Kim N,
Goun BD, Opiekun RE, Group TU. Developing integrated multistate
environmental public health surveillance. Journal of public health
management and practice: JPHMP. 2008;14(6):552.
40. Kshirsagar DP, Savalia CV, Kalyani IH, Kumar R, Nayak DN. Disease alerts and
forecasting of zoonotic diseases: an overview. Veterinary World. 2013.
41. Markiewicz M, Bevc CA, Hegle J, Horney JA, Davies M, MacDonald PDM.
Linking public health agencies and hospitals for improved emergency
preparedness: North Carolina’s public health epidemiologist program. BMC
Public Health. 2012.
42. Adamson S, Marich A, Roth I. One health in NSW : coordination of human
and animal health sector management of zoonoses of public health
significance. NSW Publ Health Bull. 2011;22(5–6):105–12. https://doi.org/10.
1071/NB11003.
43. Stärk KD, Kuribreña MA, Dauphin G, Vokaty S, Ward MP, Wieland B, Lindberg
A. One health surveillance–more than a buzz word? Preventive Veterinary
Medicine. 2015;120(1):124–30.
44. Paterson BJ, Kool JL, Durrheim DN, Pavlin B. Sustaining surveillance:
evaluating syndromic surveillance in the Pacific. Glob Public Health. 2012;
7(7):682–94.
45. Johnson I, Hansen A, Bi P. The challenges of implementing an integrated
one health surveillance system in Australia. Zoonoses Public Health. 2018;
65(1):e229–36.
46. Suwanbamrung C, Thoutong C, Eksirinimit T, Tongjan S, Thongkew K. The
use of the “Lansaka model” as the larval indices surveillance system for a
sustainable solution to the dengue problem in southern Thailand. PLoS
One. 2018;13(8):e0201107.
47. Martins SB, Rushton J. Economics of zoonoses surveillance in a ‘ one health
’ context : an assessment of campylobacter surveillance in Switzerland.
Epidemiol Inf. 2017;145(6):1148–58. https://doi.org/10.1017/
S0950268816003320.
48. Shuai J, Buck P, Sockett P, Aramini J, Pollari F. A GIS-driven integrated real-
time surveillance pilot system for national West Nile virus dead bird
surveillance in Canada. Int J Health Geogr. 2006;5:17. https://doi.org/10.
1186/1476-072X-5-17.
49. Napoli C, Bella A, Declich S, Grazzini G, Lombardini L, Costa AN, et al.
Integrated human surveillance systems of West Nile virus infections in Italy:
the 2012 experience. Int J Environ Res Public Health. 2013;10(12):7180–92.
https://doi.org/10.3390/ijerph10127180.
50. Saha S, Islam M, Uddin MJ, Saha S, Das RC, Baqui AH, et al. Integration of
enteric fever surveillance into the WHO-coordinated invasive bacterial-
vaccine preventable diseases (IB-VPD) platform: a low cost approach to
track an increasingly important disease. PLoS Negl Trop Dis. 2017;11(10):
e0005999. https://doi.org/10.1371/journal.pntd.0005999.
51. Bellini R, Calzolari M, Mattivi A, Tamba M, Angelini P, Bonilauri P, et al. The
experience of West Nile virus integrated surveillance system in the Emilia-
Romagna region: five years of implementation, Italy, 2009 to 2013. Euro
Surveill. 2014;19(44).
52. Somda ZC, Perry HN, Messonnier NR, Djingarey MH, Ki SO, Meltzer MI.
Modeling the cost-effectiveness of the integrated disease surveillance and
response (IDSR) system: meningitis in Burkina Faso. PLoS One. 2010;5(9):
e13044. https://doi.org/10.1371/journal.pone.0013044.
53. Wu Y, Ling F, Hou J, Guo S, Wang J, Gong Z. Will integrated surveillance
systems for vectors and vector-borne diseases be the future of controlling
vector-borne diseases ? A practical example from China. 2018;(2016):
1895–1903.
54. Randriamiarana R, Raminosoa G, Vonjitsara N, Randrianasolo R, Rasamoelina
H, Razafimandimby H, et al. Evaluation of the reinforced integrated disease
surveillance and response strategy using short message service data
transmission in two southern regions of Madagascar, 2014-15. BMC Health
Serv Res. 2018;18(1):265.
55. Faensen D, Claus H, Benzler J, Ammon A, Pfoch T, Breuer TKG.
SURVNET@RKI – A Multistate electronic reporting system for communicable
diseases. Euro Surveill. 2006;11(4):100–3.
56. Morris TJ, Pajak J, Havlik F, Kenyon J, Calcagni D. Battlefield medical
information system-tactical (BMIST): the application of mobile computing
technologies to support health surveillance in the Department of Defense.
Telemed J E Health. 2006;12(4):409–16.
57. Piñeros M, Znaor A, Mery L, Bray F. A global cancer surveillance framework
within noncommunicable disease surveillance: making the case for
population-based cancer registries. Epidemiol Rev. 2017;39(1):161–19.
https://doi.org/10.1093/epirev/mxx003.
58. Turnidge JD, Meleady KT. Antimicrobial use and resistance in Australia
(AURA) surveillance system: coordinating national data on antimicrobial use
and resistance for Australia. Aust Health Rev. 2018;42(3):272–6.
59. Anwar J, Torvaldsen S, Sheikh M, Taylor R. Completeness of a maternal and
perinatal mortality enhanced surveillance system in Pakistan: evidence from
capture-recapture methods. Matern Child Health J. 2018;22(12):1743–550.
https://doi.org/10.1007/s10995-018-2571-5.
60. Weibel D, Schelling E, Bonfoh B, Utzinger J, Hattendorf J, Abdoulaye M,
et al. Demographic and health surveillance of mobile pastoralists in Chad:
integration of biometric fingerprint identification into a geographical
information system. Geospat Health. 2008;3(1):113–24.
61. Chapman DA, Ford N, Tlusty S, Bodurtha JN. Evolution of an integrated
public health surveillance system. J Registry Manag. 2016;38(1):15–23.
62. Cantarino L, Merchan-hamann E. Regional Review Influenza in Brazil :
surveillance pathways. J Infect Dev Ctries. 2016;10(1):013–23. https://doi.org/
10.3855/jidc.7135.
63. Teodoro D, Pasche E, Gobeill J, Emonet S, Ruch P, Lovis C. Building a
transnational biosurveillance network using semantic web technologies:
requirements, design, and preliminary evaluation. J Med Internet Res.
2012;14(3):e73.
64. Reis BY, Kirby C, Hadden LE, Olson K, McMurry AJ, Daniel JB, Mandl KD.
AEGIS: a robust and scalable real-time public health surveillance system.
J Am Med Inform Assoc. 2007;14(5):581–8.
65. Chini F, Farchi S, Giorgi Rossi P, Camilloni L, Borgia P. An integrated surveillance
system of road traffic injuries in the Lazio region of Italy: results of a 5-year
study (2001-2005). Int J Inj Control Saf Promot. 2010;17(3):187–94.
66. Wolkin AF, Patel M, Watson W, Belson M, Rubin C, Schier J, et al. Early
detection of illness associated with poisonings of public health significance.
Ann Emerg Med. 2006;47(2):170–6.
67. Hulebak K, Rodricks J, DeWaal CS. Integration of animal health, food
pathogen and foodborne disease surveillance in the Americas. Rev Sci Tech
Int Des Epizoot. 2013;32(2):529–38.
68. Kebede S, Gatabazi JB, Rugimbanya P, Mukankwiro T, Perry HN, Alemu W,
et al. Strengthening systems for communicable disease surveillance:
creating a laboratory network in Rwanda. Heal Res Policy Syst. 2011;9:27.
https://doi.org/10.1186/1478-4505-9-27.
69. Touch S, Grundy J, Hills S, Rani M, Samnang C, Khalakdina A, et al. The
rationale for integrated childhood meningoencephalitis surveillance: a case
study from Cambodia. Bull World Health Organ. 2009;87(4):320–4.
70. Nsubuga P, Brown WG, Groseclose SL, Ahadzie L, Talisuna AO, Mmbuji
P, et al. Implementing integrated disease surveillance and response:
four African countries’ experience, 1998-2005. Glob Public Health. 2010;
5(4):364–80.
George et al. One Health Outlook            (2020) 2:11 Page 13 of 15
71. Somda ZC, Perry HN, Messonnier NR, Djingarey MH, Ouedraogo S, Meltzer
MI. Modeling the Cost-Effectiveness of the Integrated Disease Surveillance
and Response ( IDSR ) System : Meningitis in Burkina Faso. PLoS ONE. 5(9):
e13044. https://doi.org/10.1371/journal.pone.0013044.
72. Albiger B, Revez J, Leitmeyer KC, Struelens MJ. Networking of public health
microbiology laboratories bolsters Europe’s defenses against infectious diseases.
Front Public Heal. 2018;6:46. https://doi.org/10.3389/fpubh.2018.00046.
73. Karimuribo ED, Sayalel K, Beda E, Short N, Wambura P, Mboera LG, et al. Towards
one health disease surveillance: the southern African Centre for Infectious
Disease Surveillance approach. Onderstepoort J Vet Res. 2012;79(2):454.
74. Denecke K, Kirchner G, Dolog P, Smrz P, Linge J, Backfried G, et al. Event-
driven architecture for health event detection from multiple sources. Stud
Health Technol Inform. 2011;169:160–4.
75. Botto LD, Mastroiacovo P. From cause to care: triple surveillance for better
outcomes in birth defects and rare diseases. Eur J Med Genet. 2018;61(9):551–5.
76. Samoff E, Waller A, Fleischauer A, Ising A, Davis MK, Park M, et al. Integration
of syndromic surveillance data into public health practice at state and local
levels in North Carolina. Public Health Rep. 2012;127(3):310–7.
77. Gao S, Mioc D, Anton F, Yi X, Coleman DJ. Online GIS services for mapping
and sharing disease information. Int J Health Geogr. 2008;7:8.
https://doi.org/10.1186/1476-072X-7-8.
78. Kool JL, Paterson B, Pavlin BI, Durrheim D. Pacific-wide simplified syndromic
surveillance for early warning of outbreaks. Glob Publ Health. 2012;7(7):670–81.
79. Dobbins JG, Irons B, Morris-glasgow V, Andrus JK, Castillo-solo C. Lessons
learned from integrated surveillance of measles and rubella in the
Caribbean. J Infect Dis. 2011;204(Suppl 2):S622–6. https://doi.org/10.1093/
infdis/jir437.
80. Karp BE, Tate H, Plumblee JR, Dessai U, Whichard JM, Thacker EL, et al.
National Antimicrobial Resistance Monitoring System: two decades of
advancing public health through integrated surveillance of antimicrobial
resistance. Foodborne Pathog Dis. 2017;14(10):545–57.
81. Vincent A, Awada L, Brown I, Chen H, Claes F, Dauphin G, et al. Review of
influenza a virus in swine worldwide: a call for increased surveillance and
research. Zoonoses Public Health. 2014;61(1):4–17.
82. Mukhi SN. KIWI: a technology for public health event monitoring and early
warning signal detection. Online J Public Health Inform. 2016;8(3):e208.
83. Brenas JH, Al-Manir MS, Baker CJO, Shaban-Nejad A. A malaria analytics
framework to support evolution and interoperability of Global Health
surveillance systems. IEEE Access. 2017;5:21605–19.
84. Klompas M, McVetta J, Lazarus R, Eggleston E, Haney G, Kruskal BA, et al.
Integrating clinical practice and public health surveillance using electronic
medical record systems. Am J Prev Med. 2012;42(6 Suppl 2):S154–62.
https://doi.org/10.1016/j.amepre.2012.04.005.
85. Acharya A, Cheng B, Koralkar R, Olson B, Lamster IB, Kunzel C, et al.
Screening for diabetes risk using integrated dental and medical electronic
health record data. JDR Clin Transl Res. 2018;3(2):188–94.
86. Klompas M, Haney G, Church D, Lazarus R, Hou X, Platt R. Automated
identification of acute hepatitis B using electronic medical record data to
facilitate public health surveillance. PLoS ONE. 3(7):e2626. https://doi.org/10.
1371/journal.pone.0002626.
87. Wang L, Ramoni MF, Mandl KD, Sebastiani P. Factors affecting automated
syndromic surveillance. Artif Intell Med. 2005;34(3):269–78.
88. Cassini R, Mulatti P, Zanardello C, Simonato G, Signorini M, Cazzin S, et al.
Retrospective and spatial analysis tools for integrated surveillance of cystic
echinococcosis and bovine cysticercosis in hypo-endemic areas. Geospat
Health. 2014;8(2):509–15.
89. Barboza P, Vaillant L, Mawudeku A, Nelson NP, Hartley DM, Madoff LC, et al.
Evaluation of epidemic intelligence systems integrated in the early alerting
and reporting project for the detection of a / H5N1 influenza events. PLoS
One. 2013;8(3):e57252. https://doi.org/10.1371/journal.pone.0057252.
90. Sofeu CL, Broban A, Njifou Njimah A, Blaise Momo J, Sadeuh-Mba SA,
Druelles S, et al. Improving systematic rabies surveillance in Cameroon: a
pilot initiative and results for 2014-2016. PLoS Negl Trop Dis. 2018;12(9):
e0006597.
91. Gosselin P, Lebel G, Rivest S, Douville-Fradet M. The integrated system for
public health monitoring of West Nile virus (ISPHM-WNV): a real-time GIS for
surveillance and decision-making. Int J Health Geogr. 2005;4:21.
92. Freinfeld CC, Mandl KD, Reis BY, Brwonstein JS. HealthMap: global
infectious disease monitoring through automated classification and
visualization of internet media reports. J Am Med Inform Assoc. 2008;
15(2):150–7.
93. King CC, Kao CL, Liu DP, Cheng MC, Yen HL, Lee MS, et al. Seven integrated
influenza surveillance systems in Taiwan. Int Congr Ser. 2001;1219:107–18.
94. Mariner JC, Hendrickx S, Pfeiffer DU, Costard S, Knopf L, Okuthe S, et al.
Integration of participatory approaches. Rev Sci Tech Off Int Epiz. 2011;30(3):
653–9.
95. Wang MH, Chen HK, Hsu MH, Wang HC, Yeh YT. Cloud computing for
infectious disease surveillance and control : development and evaluation of
a hospital automated laboratory reporting system. J Med Internet Res. 2018;
20(8):e10886. https://doi.org/10.2196/10886.
96. Rossi G, De Leo GA, Pongolini S, Natalini S, Vincenzi S, Bolzoni L.
Epidemiological modelling for the assessment of bovine tuberculosis
surveillance in the dairy farm network in Emilia-Romagna (Italy). Epidemics.
2015;11:62–70.
97. Spreco A, Eriksson O, Dahlström Ö, Cowling BJ. Integrated Detection and
Prediction of Influenza Activity for Real-Time Surveillance: Algorithm Design.
J Med Internet Res. 2017;19(6):e211. https://doi.org/10.2196/jmir.7101.
98. Sanchez-Vazquez MJ, Strachan WD, Armstrong D, Nielen M, Gunn GJ. The
British pig health schemes: integrated systems for large-scale pig abattoir
lesion monitoring. Vet Rec. 2011:10–136.
99. Herve D, Arsevska E, Valentin S, Rabatel J, De Goe J, Falala S, et al. Web
monitoring of emerging animal infectious diseases integrated in the French
animal health epidemic intelligence system. PLoS One. 2018;13(8):e0199960.
https://doi.org/10.1371/journal.pone.0199960.
100. Barboza P, Vaillant L, Le Strat Y, Hartley DM, Nelson NP, Mawudeku A, et al.
Factors influencing performance of internet-based biosurveillance systems
used in epidemic intelligence for early detection of infectious diseases
outbreaks. PLoS One. 2014;9(3):e90536. https://doi.org/10.1371/journal.pone.
0090536.
101. Fleming DM, Cohen JM. Experience of European collaboration in influenza
surveillance in the winter of 1993-1994. J Public Health. 1996;18(2):133–42.
102. Sopwith W, Regan M. Integrated surveillance networks: the development of
a new paradigm for health protection surveillance in the UK. Br J Infect
Control. 2004;5(2):15–7.
103. Wang J, Zhao L, Ye Y, Zhang Y. Adverse event detection by integrating
twitter data and VAERS. J Biomed Semantics. 2018;9(1):19.
104. Mavragani A, Sampri A, Sypsa K, Tsagarakis KP. Integrating smart health in
the US health care system: Infodemiology study of asthma monitoring in
the Google era. JMIR public Heal Surveill. 2018;4(1):e24.
105. Reis BY, Mandl KD. Integrating Syndromic surveillance data across multiple
locations : effects on outbreak detection performance. AMIA Annu Symp
Proc. 2003:549–53.
106. Ruiz MO, Remmert D. A local department of public health and the
geospatial data infrastructure. J Med Syst. 2004;28(4):385–95.
107. Giannopoulou EG, Kemerlis VP, Polemis M, Papaparaskevas J, Vatopoulos AC,
Vazirgiannis M. A large scale data mining approach to antibiotic resistance
surveillance. In: Kokol P, Podgorelec V, MiceticTurk D, Zorman M, Verlic M,
editors. Twentieth IEEE International Symposium on Computer-Based
Medical Systems, Proceedings; 2007. p. 439–44.
108. Al-Samarrai T, Wu W, Begier E, Lurio J, Tokarz R, Plagianos M, et al.
Evaluation of a pilot respiratory virus surveillance system linking electronic
health record and diagnostic data. J Public Health Manag Pract. 2013;19(4):
322–9. https://doi.org/10.1097/PHH.0b013e3182602ef6.
109. Liang F, Guan P, Wu W, Huang D. Forecasting influenza epidemics by
integrating internet search queries and traditional surveillance data with the
support vector machine regression model in Liaoning, from 2011 to 2015.
Peer J. 2018;6:e5134. https://doi.org/10.7717/peerj.5134.
110. Velati C, Angelini P, Pupella S. State of the art: vest Nile virus circulation
surveillance in Italy and transfusion risk early prevention methods. Transfus
Clin Biol. 2017;24(3):172–5.
111. Phalkey RK, Shukla S, Shardul S, Ashtekar N, Valsa S, Awate P, et al.
Assessment of the core and support functions of the integrated disease
surveillance system in Maharashtra. India BMC Public Health. 2013;13:575.
112. Adokiya MN, Awoonor-Williams JK, Barau IY, Beiersmann C, Mueller O. Evaluation
of the integrated disease surveillance and response system for infectious
diseases control in northern Ghana. BMC Public Health. 2015;15(1):75.
113. Wahl TG, Burdakov AV, Oukharov AO, Zhilokov AK. Electronic integrated
disease surveillance system and pathogen asset control system.
Onderstepoort J Vet Res. 2012;79(2):455.
114. McCormick JB, Yan C, Ballou J, Salinas Y, Reininger B, Gay J, et al. Response
to H1N1 in a U.S.-Mexico border community. Biosecur Bioterror. 2010;8(3):
233–42.
George et al. One Health Outlook            (2020) 2:11 Page 14 of 15
115. Turbelin C, Boelle P-Y. Open data in public health surveillance systems: a
case study using the French Sentinelles network. Int J Med Inform. 2013;
82(10):1012–21.
116. Lin F-C, Wang C-Y, Shang RJ, Hsiao F-Y, Lin M-S, Hung K-Y, et al. Identifying
unmet treatment needs for patients with osteoporotic fracture: feasibility
study for an electronic clinical surveillance system. J Med Internet Res. 2018;
20(4):e142.
117. Onyebujo PC, Thirumala AK, Ndihokubwayo JB. Integrating laboratory
networks, surveillance systems and public health institutes in Africa. Afr J
Lab Med. 2016;5(3):431.
118. Lober W, Reeder B, Goldov K, McReynolds J, Painter I. Technical description
of the distribute project: a community-based syndromic surveillance system
implementation. Online J Public Health Inform. 2014;5(3):224.
119. Wolkin AF, Martin CA, Law RK, Schier JG, Bronstein AC. Using poison center
data for national public health surveillance for chemical and poison
exposure and associated illness. Ann Emerg Med. 2012;59(1):56–61.
120. Lwin MO, Vijaykumar S, Fernando ON, Cheong SA, Rathnayake VS, Lim G,
Theng YL, Chaudhuri S, Foo S. A 21st century approach to tackling dengue:
Crowdsource surveillance, predictive mapping and tailored communication.
Acta Trop. 2014;130:100–7. https://doi.org/10.1016/j.actatropica.2013.09.021.
121. Reinhardt M, Elias J, Albert J, Frosch M, Harmsen D, Vogel U. EpiScanGIS: an
online geographic surveillance system for meningococcal disease. Int J
Health Geogr. 2008;7:33.
122. Grannis S, Wade M, Gibson J, Overhage JM. The Indiana public health
emergency surveillance system: ongoing progress, early findings, and future
directions. AMIA Annu Symp Proc. 2006;2006:304–8.
123. Tsui F-C, Espino JU, Dato VM, Gesteland PH, Hutman J, Wagner MM.
Technical Description of RODS: A Real-time Public Health Surveillance
System. J Am Med Inform Assoc. 2003;10(5):399–408.
124. Heisey-Grove DM, Church DR, Haney GA, Demaria AJ. Enhancing
surveillance for hepatitis C through public health informatics. Public Health
Rep. 2011;126(1):13–8.
125. Davidson JA, Anderson LF, Adebisi V, De Jongh L, Burkitt A, Lalor MK.
Creating a web-based electronic tool to aid tuberculosis ( TB ) cluster
investigation: data integration in TB surveillance activities in the United
Kingdom. Euro Surveill. 2018;23(44). https://doi.org/10.2807/1560-7917.ES.
2018.23.44.1700794.
126. Mukhi SN, May-Hadford J, Plitt S, Preiksaitis JK, Lee BE. DIAL: A Platform for
real-time Laboratory Surveillance. Online J Public Health Inform. 2010;2(3).
127. Lee K, Brumme ZL. Operationalizing the one health approach: the global
governance challenges. Health Policy Plan. 2013;28(7):778–85.
128. Ngwa MC, Liang S, Mbam LM, Mouhaman A, Teboh A, Brekmo K, et al.
Cholera public health surveillance in the Republic of Cameroon-
opportunities and challenges. Pan Afr Med J. 2016;24:222.
129. Michelozzi P, de Donato FK, Bargagli AM, D’Ippoliti D, De Sario M, Marino C,
et al. Surveillance of summer mortality and preparedness to reduce the
health impact of heat waves in Italy. Int J Environ Res Public Health. 2010;
7(5):2256–73.
130. Lewis SH, Holtry RS, Loschen WA, Wojcik R, Hung L, Lombardo J. The
collaborative experience of creating the National Capital Region Disease
Surveillance Network. J Public Health Manag Pract. 2011;17(3):248–54.
131. Scotch M, Odofin L, Rabinowitz P. Linkages between animal and human
health sentinel data. 5. BMC Vet Res. 2009;5:15.
132. Rostal MK, Ross N, Machalaba C, Cordel C, Paweska JT, Karesh WB. Benefits
of a one health approach: an example using Rift Valley fever. One Health.
2018;5:34–6.
133. Zumla A, Dar O, Kock R, Muturi M, Ntoumi F, Kaleebu P, Eusebio M,
Mfinanga S, Bates M, Mwaba P, Ansumana R. Taking forward a ‘one
Health’approach for turning the tide against the Middle East respiratory
syndrome coronavirus and other zoonotic pathogens with epidemic
potential. Int J Infect Dis. 2016;47:5–9.
134. Häsler B, Gilbert W, Jones BA, Pfeiffer DU, Rushton J, Otte MJ. The economic
value of one health in relation to the mitigation of zoonotic disease risks.
Curr Top Microbiol Immunol. 2013;365:127–51.
135. Halliday J, Cleaveland S, Auty S, Hampson K, Mtema Z, Bronsvoort M,
Handel I, Daborn C, Kivaria F, Knobel D, Breiman R, d. Balogh K, Meslin F.
Surveillance and Monitoring of Zoonoses. Report to Department for
International Developmen. Swindon: BBSRC; 2014. p. 157.
136. Acar JF, Moulin G. Integrating animal health surveillance and food safety:
the issue of antimicrobial resistance. Rev Sci Tech Int DES Epizoot. 2013;
32(2):383–92.
137. Pei J, Neo S, Tan BH. The use of animals as a surveillance tool for
monitoring environmental health hazards, human health hazards and
bioterrorism. Vet Microbiol. 2017;203:40–8.
138. Management Sciences for Health. Electronic Infectious Disease Surveillance
and Response (EIDSR ) System in Rwanda. 2018. https://www.msh.org/
resources/electronic-infectious-disease-surveillance-and-response-eidsr-
system-in-rwanda.
139. Wendt A, Kreienbrock L, Campe A. Zoonotic disease surveillance – inventory
of systems integrating human and animal disease information. Zoonoses
Public Health. 2014;62(1):61–74.
140. PAHO. An Integrated Approach to Communicable Disease Surveillance.
Epidemiol Bull. 2000;21(1) Pan American Health Organization.
141. Sutherland E, Glazier D., Reynolds HW. Integration as a health systems
strengthening intervention : case studies from Senegal and Malawi results
framework for the integration principle. MEASURE Evaluation 2015.
142. German RR, Lee LM, Horan JM, Milstein RL, Pertowski CA, Waller MN.
Updated guidelines for evaluating public health surveillance systems:
recommendations from the Guidelines Working Group. MMWR. 2001;50(RR-
13):1–35.
143. Rubens M, Ramamoorthy V, Saxena A, Shehadeh N. Public health in the
twenty-first century : the role of advanced technologies. Front Public
Health. 2014;2:224.
144. WHO. International Health Regulations ( 2005 ) Areas of work for
implementation: World Health Organization; 2007.
145. Leal J, Laupland KB. Validity of electronic surveillance systems : a systematic
review. J Hosp Inf. 2008;69(3):220–9.
146. Quix C, Bernardino J. Data Management Technologies and Applications.
Porto, July 26–28: 7th International Conference, DATA 2018; 2018.
147. Tanair D. Research and Trends in Data Mining Technologies and
Applications.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
George et al. One Health Outlook            (2020) 2:11 Page 15 of 15
